Influence of defects on the electronic structures of bilayer graphene by Kishimoto Ken et al.
Influence of defects on the electronic
structures of bilayer graphene
著者 Kishimoto Ken, Okada Susumu
journal or
publication title
Surface science 
volume 644
page range 18-23
year 2016-02
権利 (C) 2016. This manuscript version is made
available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4
.0/ 
URL http://hdl.handle.net/2241/00135608
doi: 10.1016/j.susc.2015.08.036
Creative Commons : 表示 - 非営利 - 改変禁止
http://creativecommons.org/licenses/by-nc-nd/3.0/deed.ja
Inuence of Defects on the Electronic Structures of
Bilayer Graphene
Ken Kishimoto, Susumu Okada
Graduate School of Pure and Applied Sciences, University of Tsukuba, 1-1-1 Tennodai,
Tsukuba, Ibaraki 305-8571, Japan
Abstract
Based on rst-principles total-energy calculation, we investigate the elec-
tronic structures of bilayer graphene, one of which layers possesses atomic
or topological defects, to explore the possibility of band gap engineering of
graphene by means of physisorption of defective graphene. Our calculations
show that the pristine graphene layer possesses a nite energy gap between
bonding and antibonding  states because of the potential undulation caused
by the other graphene layer with defects. We also found that the gap values
strongly depend on the defect species and their mutual arrangement with
respect to the pristine layer.
Keywords: Bilayer graphene, Band gap, Electronic structure, Interlayer
hybridization
1. Introduction
Following the synthesis of graphene from bulk graphite [1, 2, 3, 4], graphene
is attracting much attention in the eld of low-dimensional science and nan-
otechnology [5, 6]. Graphene is the ultimate version of atomic layered materi-
als, consisting of hexagonally bonded sp2 C atoms. This geometric structure
endows graphene with unique physical and chemical properties, which allow
us to observe the unusual quantum Hall eect and remarkable carrier mobil-
ity [7, 8]. From a technological view, because of their sheet structure with
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atom thickness and the peculiar electronic structure, graphene is regarded
as an emerging material for various devices in the near future, such as sens-
ing devices, semiconducting devices, and transparent electrodes, despite the
diculties of device fabrication and fragility of their electronic properties in
hybrid structures in devices. For instance, graphene adsorbed onto SiO2 and
HfO2 is not a metal but a semiconductor with an energy gap of approxi-
mately a few tens of meV because of the electrostatic potential modulation
arising from the electrons and nuclei of substrates [9, 10]. Metal surfaces also
substantially modulate the electronic structure of graphene because of the
orbital hybridization [11].
The electronic structures of graphene are sensitively dependent on imper-
fections such as atomic defects, topological defects, and edges. It has been
demonstrated that graphene with defects is either a metal or a semicon-
ductor, depending on the defect structure and arrangement [12, 13]. Edges
with zigzag shapes lead to spin polarization at edge atomic sites because
of the at dispersion bands arising from the topologically induced edge lo-
calized states [14, 15, 16, 17]. Furthermore, topological defects also induce
peculiar electronic states at/near the Fermi level because of the symmetry
breaking of the AB bipartite network of graphene [18, 19, 20]. In addition
to the imperfections introduced into the atomic covalent network, interlayer
stacking arrangements of graphene thin lms also lead to interesting vari-
ations in their electronic structures because of the sizable overlap between
 states of adjacent layers. For instance, bilayer graphene is either a metal
or a semiconductor, depending on the interlayer stacking arrangement [21].
Rhombohedral graphene thin lms possess at dispersion bands around the
K point, leading to ferrimagnetic spin ordering on their outermost atomic lay-
ers [22, 23, 24]. These facts imply that the electronic structure of graphene is
tunable by controlling the intralayer imperfections and the interlayer stacking
arrangements.
In the present work, we aim to investigate the electronic structure of
bilayer graphene, one of which layers possesses atomic or topological defects,
and to explore the possibility of the electronic structure tuning of graphene
by forming such bilayer structures, based on rst principles total energy
calculations in the framework of density functional theory. Our calculations
show that all bilayer structures do not possess Dirac cones at or near the
Fermi level, but nite energy gap in their  electronic states even though one
of two layers retains a hexagonal covalent network. The energy gap between
 and  states belonging to the pristine layer depends on the defect species
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and arrangements. We nd that the spatial modulation of the electrostatic
potential on a pristine layer as a result of the other layer with defects leads
to electronic structure modulation. Further analysis of the wave functions
distribution shows substantial interlayer hybridization leading to modulation
of band dispersions from that obtained from the simple sum of those of each
constituent.
2. Calculation methods and structural models
Figure 1: Optimized atomic structures of defective graphene with (a) monovacancies, (b)
divacancies, (c) hexagonal vacancies (V6), and (d) topological defects.
All calculations were performed based on the framework of density func-
tional theory [25, 26] using the Simulation Tool for Atom Technology (STATE)
package [27]. We used local density approximation [28, 29] to describe the
exchange-correlation potential among the interacting electrons. An ultrasoft
pseudopotential generated by the Vanderbilt scheme was used to describe
the interaction between electrons and ions [30]. The valence wave functions
and charge density were expanded in terms of the plane-wave basis set with
cuto energies of 25 and 255 Ry, respectively. To exclude unphysical dipole
interaction with periodic images normal to the graphene layers, we imposed
an open boundary condition normal to the layers using the eective screen-
ing medium (ESM) method [31]. In the present work, we consider bilayer
graphene, one of which layers contains atomic or topological defects. As for
the defects, we consider monovacancy, divacancy, hexagonal vacancy, and
Stone-Wales topological defects per 44 lateral unit cell of pristine graphene
(Fig. 1). Although the lateral lattice parameter strongly depends on the
defect species and densities, we xed the lateral parameter as 9.84 A cor-
responding to that of 44 lateral cell of pristine graphene to satisfy the
commensurability condition between pristine and defective layers. Atomic
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structures of the bilayer graphene were optimized under an interlayer spac-
ing of 3.4 A with an AB stacking arrangement until the force acting on each
atom is less than 1.3310 3 HR/au. Integration over the Brillouin zone
was carried out using an equidistance mesh of 441 k points for bilayer
graphene with 44 lateral periodicity, which corresponds to the 16161
k-point grid for conventional cell of graphene leading to the sucient con-
vergence in the electronic structures. It should be noted that the inter-layer
spacing of graphene depend on the defect species and densities. Indeed, our
LDA calculations on the bilayer graphene with 44 lateral cell show that the
optimum spacings between pristine and defective layers are 3.33, 3.33, 3.29,
and 3.32 A for the monovacancy, divacancy, V6 vacancy, and topological
defects, respectively.
3. Results and Discussion
Figure 2: Electronic structures of graphene with (a) monovacancies, (b) divacancies, (c)
hexagonal vacancies (V6), and (d) topological defects. Energies are measured from that
of the vacuum level. Dotted horizontal lines denote the Fermi level.
Figure 2 shows the electronic structures of monolayer graphene with
atomic and topological defects. In all cases, the electronic energy bands
of graphene with defects are signicantly modulated from those of pristine
graphene by introducing the defects. In some cases, the linear dispersion
bands are absent, while relatively small dispersion bands emerge near the
Fermi level. For graphene with monovacancies [Fig. 2(a)], three states cross
the Fermi level in the energy gap between two dispersive bands. These small
dispersion bands are associated with the  state of dangling bonds at the va-
cancy, while the bands with large dispersion correspond to the bonding and
antibonding  states. In this case, because the C-C network does not satisfy
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the Kekule pattern, the  states have nite energy gaps at the K point. For
graphene with divacancies [Fig. 2(b)], the sheet is a semiconductor with an
indirect energy gap of 1 eV in which dispersive and at bands emerge around
the gap associated with  and defect-induced states, respectively [Fig. 2(b)].
In this case, because of the formation of pentagonal rings around the defects,
dangling bond states with  nature are absent at the Fermi level. In the
case of graphene with hexagonal vacancies (V6) [Fig. 2(c)], the  network
topologies satisfy the perfect Kekule pattern, so that they possess a pair of
dispersive bands with nearly linear dispersion above the Fermi level. In ad-
dition to the nearly linear dispersion bands, several relatively at dispersion
bands emerge around the Fermi level because of the dangling bond states
around the atomic defects. Two-dimensional C sheets consisting of fused
pentagons and heptagons also have linear dispersion bands above the Fermi
level [Fig. 2(d)]. In this case, because the network consists only of C atoms
with three-fold coordination, the dangling bond states are absent.
Figure 3(a) shows the electronic structure of bilayer graphene, one of
which layers contains monovacancies per 44 lateral periodicity. In this case,
the atomic defect is located above the hollow sites of the pristine graphene.
As shown in Fig. 3(a), the bilayer graphene does not possess linear disper-
sion bands associated with  and  states, although the system contains
pristine graphene. In contrast, ve states emerge near the Fermi level: three
of the ve states have small dispersions exhibiting the same characteristics
as the defect-induced states in the monolayer graphene with monovacancies
shown in Fig. 2(a). Indeed, these three states are distributed in the in-
plane direction, exhibiting the dangling bond nature of  states at the defect
[Fig. 4(a)]. The other two states, which are absent in the monolayer graphene
with monovacancies, have substantial dispersion and exhibit extended  na-
ture. These two states have quadric dispersion around the K point with the
energy gap of 0.64 eV, in contrast to the linear dispersion of  states in pris-
tine graphene. Although the states are associated with the pristine layer, the
states on sheets exhibit hybridized  nature between layers.
It is necessary to investigate the inuence of the relative position of the de-
fects to the pristine layer on the electronic structure of bilayer graphene. Fig-
ure 3(b) shows the electronic structure of graphene adsorbed on the graphene
with monovacancies located above the atomic site of the pristine layer, as
mentioned above. In this case, we also nd two dispersive bands above and
below the Fermi level that are absent in the monolayer graphene with mono-
vacancies, in addition to the three at dispersion bands associated with the
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defects. These dispersive bands have a nite gap of 0.07 eV at the K point,
which is considerably narrower than that found in the case of the other rel-
ative position of monovacancies to the pristine layer. In this case, the 
states associated with the pristine layer slightly hybridize with the  states
of the defective layer compared with the other stacking pattern [Fig. 4(b)].
Therefore, the amount of hybridization between the layers aects the gap of
the  states of pristine graphene by the physisorption of the graphene layer
with defects. Furthermore, the relative position of the defect to the atomic
arrangement of the pristine layer decisively aects the electronic structure of
the bilayer system. In addition to the relative position, the defect density
also aects the electronic structure of pristine layer. With increasing the
defect density by four times (monovacancy per 2 2 lateral cell), the gap
decrease by 0.4 eV than the gap for the case of 44 cell. Thus, the defect
density also aects the electronic structure of the pristine layer of bilayer
graphene.
Figure 3(c) shows the electronic structure of bilayer graphene consisting of
pristine and defective layers containing divacancies. By comparing the band
structure of the bilayer graphene consisting of pristine and defective layers to
that of the isolated graphene with divacancies, we nd two dispersive bands
near the Fermi level. These two dispersive bands still have quadric dispersion
with a nite gap of 0.07 eV at the K point, although the states are expected
to possess  and  nature belonging to the pristine layer. In this case, the 
states with the quadric dispersion relation above and below the Fermi level
slightly hybridize with the  states belonging to the defective graphene, as
shown in Fig. 4(c). This interlayer hybridization leads to the small energy
gap between the  states of the pristine layer.
By adsorbing the graphene with V6 vacancies on pristine graphene with
0.34 nm interlayer spacing, we nd that the interlayer interaction modulates
the electronic structures of both pristine graphene and graphene with V6 de-
fects. As shown in Fig. 3(d), the electronic structure of the bilayer graphene,
one of which layers contains V6 vacancies, does not possess linear dispersion
bands around the Fermi level, although both layers are expected to possess
a pair of linear dispersion bands near the Fermi level: four dispersive bands
with quadric dispersion relations emerge near the Fermi level. These states
cross the at dispersion bands associated with  states at the defect. Two of
the four states, labeled  and , are distributed on the pristine layer with
 electron nature [Fig. 4(d)]. These states also have a nite energy gap of
0.18 eV at the K point. In contrast, the remaining two states are distributed
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on the defective layer with  nature and have a gap of 0.22 eV. In this case,
interlayer hybridization is moderate, so that the gap is also moderate.
Our calculations showed that graphene has a nite energy gap between 
and  states by adsorbing on defective graphene, irrespective of the vacancy
species. Thus, nally, we investigate the possibility of the similar electronic
structure modulation of graphene adsorbed on an sp2 C network of fused
pentagons and heptagons as a structural model of graphene with topolog-
ical defects. Figure 3(e) shows the electronic structure of bilayer C sheets
consisting of pristine graphene and a C sheet comprising fused pentagons
and heptagons. We found two additional dispersive bands near the Fermi
level that correspond to the  and  states of the pristine graphene layer.
Although there is no atomic defect in both layers, the dispersive band cor-
responding to the bonding and antibonding  states has a nite energy gap
of 0.15 eV. In this case, hybridization of the wave function between layers is
marginal [Fig. 4(e)].
Table 1: Energy gap between  and  states and the electrostatic potential variation of
pristine graphene layer adsorbed on the defect layer.
- gap [eV] V [eV]
Monovacancy (on hollow site) 0.64 0.11
Monovacancy (on atomic site) 0.07 0.14
Divacancy 0.07 0.12
Hexagonal vacancy 0.18 0.43
Topological defect 0.15 0.04
Table I summarizes the energy gap between  and  states of pristine
graphene adsorbed on the defective graphene. In all cases, the pristine layer
possesses a nite energy gap between  and  states, although the layer
retains its honeycomb network. The calculated energy gaps range from 0.07
to 0.64 eV, depending on the mutual stacking arrangement and the defect
species. Thus, the defective graphene can aect the electronic structures of
pristine graphene by adsorbing onto them with appropriate interlayer spac-
ing.
To elucidate the physical origin of the gap opening on graphene inu-
enced by the graphene with defects, we investigate the modulation of the
electrostatic potential on the pristine graphene by adsorbing on the graphene
with defects from the isolated monolayer graphene. Figure 5 shows contour
plots of the modulation of the electrostatic potential just above the pristine
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graphene layer under the bilayer structure with the defective layer. The po-
tential modulation is calculated by taking the dierence between the electro-
static potential of bilayer graphene and the sum of the electrostatic potentials
of each constituent layer. As shown in Fig. 5, the electrostatic potential is
spatially modulated along the lateral direction at the nanometer scale for
all cases. This fact indicates that the electrons in the pristine layer feel this
potential undulation, causing the nite energy gap for the  electrons in pris-
tine graphene adsorbed on graphene with defects. As shown in Table I, the
energy gap does not correlate with the electrostatic potential modulation on
the pristine layer. We found that the potential modulation depends on the
size of the atomic vacancies: The modulation in V6 is the largest among the
ve, while that in topological defects is the smallest. Inhomogeneous charge
density around the large atomic vacancies may cause large modulation of the
electrostatic potential on the pristine layer. The fact indicates that the gap
value mainly depends on the amount of the orbital hybridization between
defective and pristine layers.
4. Conclusion
We studied the electronic structure of bilayer graphene consisting of pris-
tine and defective graphene layers using density functional theory with local
density approximation. Our calculations showed that all bilayer graphene no
longer possesses pairs of linear dispersion bands at or near the Fermi level, but
instead has quadric dispersion bands together with the states associated with
the defects, even though one of two layers retains their hexagonal atomic net-
work. The energy gap between the top and the bottom of  states belonging
to the pristine layer strongly depends on the defect species and arrangement.
We also nd that the  states belonging to the pristine layer more or less
hybridize with the electron states in the graphene with defects. The amount
of hybridization seems to correlate with the energy gap of the  states in the
pristine layer. Furthermore, analysis of the electrostatic potential of bilayer
graphene revealed that the spatial undulation of the electrostatic potential
on the pristine layer arising from the defective layer causes the energy gap
between bonding and antibonding  states in the pristine layer. Our nd-
ings indicate a possible procedure for realizing semiconducting graphene by
adsorbing on graphene with defects or by introducing defects in one of two
layers of bilayer graphene. Furthermore, the gap is tunable by controlling
the defect species and their mutual arrangement with respect to the pristine
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graphene.
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Figure 3: Electronic structures of bilayer graphene, one of which layers contains (a) mono-
vacancies above the hollow sites, (b) monovacancies above the atomic sites, (c) divacancies,
(d) hexagonal vacancies, and (e) topological defects. Energies are measured from that of
the vacuum level. Red dotted lines denote the Fermi level. In each panel, a right panel is
the enlarged view of the electronic structure near the Fermi level.
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Figure 4: Isosurfaces of squared wave functions at the K point of bilayer graphene, one of
which layers contains (a) monovacancies above the hollow sites, (b) monovacancies above
the atomic sites, (c) divacancies, (d) hexagonal vacancies, and (e) topological defects.
Indexes in each panel correspond to that in the energy band in Fig. 3
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Figure 5: Contour plots of electrostatic potential on the pristine layer of bilayer graphene,
one of which layers contains (a) monovacancies above the hollow sites, (b) monovacan-
cies above the atomic sites, (c) divacancies, (d) hexagonal vacancies, and (e) topological
defects. Crosses denote the position of vacancies in the defective graphene. Solid and
dotted lines denote regions where the potential increases and decreases from that of the
isolated graphene without defects, respectively. Each contour corresponds to the potential
dierence of 0.006 HR.
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